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Abstract 
We invest,ig;rtc t,he possibilities of finding the top quark at the FNAL Tcva- 

tron pp collider ( 6 = 1.8 TeV) in the lepton plus multijet. signal. Tbc thcorct.- 
ical uncertaintics in t,he normalization of the top product,ion cross section and 
background signals make it important to look for the top in a fim~l state where 
the top mass is reconstructible from the final state. The W + 4 jet. final st,ate 
offers a simple nlld direct way to reconstruct the top mass t,brough final st,at,e 
invariant. masses. It. is shown that from a tbcorct.ical viewpoint tbc t,op is cnsily 
rccovercd from t,bis W +4 jet cross section. The only limit,ation comes from the 
experiment.al abilit,y to correctly reconstruct t,he invariant nxasscs which might 
cont.& mult.iplc jct,s. 
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1 Introduction 

The present direct top mass limit of mtop > 91 GeV from the CDF collaboration 

used an integrated luminosity of roughly 5 pb-’ [I]. B ased on indirect constraints 
obtained from the standard model using a combination of measurements. in particular 
the combined LEP data [2], the top mass is likely to be in the range mtop = 132 ‘% 

GeV. This means the current collider run at Fermilab, yielding at least 25 pb-’ of 
integrated luminosity, should produce enough events t,o establish the esistence of the 
top quark. 

Given the above top quark mass limit and expected top mass, the dominant pro- 
duction process of top quarks is direct t? production. The top quark will subsequently 
decay into a b quark and a 11,’ boson. resulting in the following signatures which can 
be used in the top search 

pp + tt -+ b6 IV+IV- --t lJ jj jj (1.1) 
pp - ti --t bi? w+w- + (16 Ill jj (1.2) 

pji - ti --) bt W’W- + bt Iv 1’~ (1.3) 

where j denotes the jet originat,ing from the hadronic 1.I’ decays. Ot,hcr authors have 
investigat,ed single top quark production [3], but tha,t does not yield promising results 
for the Fermilab collider. We shall denote the various channels by the number of hard 
isolated charged leptons in t,he event,. 

The highest event rate is given by the zero lepton process (1.1) with it,s relative 
branching fraction of 5 x (1 0 $ Unfortunately this multijet final st,ate suffers from a 
huge QCD hackgrount aud seems only usable when one of t,he Ir-jct,s can 1~: t,aggcd. 
Even then the background is still much larger than t,he signa,l. We rcfcr to ref. [4, 51 
for a more detailed discussion. 

The single lepton channel (1.2) has a smaller event rnt,e with a rclativc weight 
of 2 x (;) x (i) ( counting both electron/positron and muon/;tntilnllon final states). 
However the QCD background is strongly reduced by the presence of the isolated 
lepton, making it possible to get a signal over background ratio of order one. The 
main purpose of the present paper is to study this one leptou signat,ure and its 
background in more detail t,han in ref. [G]. In particula,r it will be shown how specific 
distributions can grca,tly improve the extraction of the signal. Depending on the mass 
difference of the top and t,he 1’1’ vector hoson the signal (1.2) can show up as one 
lepton with 2, 3 or 4 jets. \Vith an increasing number of jets t,he calculation of the 
exact bacliground cross sect,iou 

p$i - IV + n jets (1.4) 

becomes more and mow involved. The II = 3 case was considered in rcfs. [i, S] and 
the 12 = 4 in ref. [G]. Some discussion of top signal versus backgrouud was given 
in ref. [G] and also in ref. [9], but in the latter a shower Monte Carlo was used 
to estimate (1.4) and not t,he exact evaluation. All the results for the single lepton 
channel in this paper refer to the sum of et and e- signals. For muons the results 
are of course the same. 
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The unlike two lepton channel (1.3) only gives a contribution of 2 x (9 x (9 
(not taking tau leptons into account). The remainder consists of more difficult final 
states involving tau leptons, electron-positron or muon-antimuon pairs. 

The two lepton signal has the clear advantage of a low background. It has been 
discussed in detail in ref. [9]. However, due to the presence of two neutrinos, it is not 
possible to reconst~ruct the top mass. For a top search in this signal one has to rely on 
the event rates and compare them directly with the theoretica,lly calculated tT cross 
section. This results in a top mass with a theoretical error which is not known. These 
theoretical uncertainties are discussed in detail in section 2. The usefulness of the 
signal will increase when accompanying jets are measured, but it will become clear 
that for the discovery of the t,op quark the study of the 1 lepton signature besides 
the 2 lepton signature is crucial. 

The outline of the paper is as follows. In section 2 the production cross sections 
and their uncertainties arc discussed. In section 3 some methods to determine t,he top 
mass which a,re not sensitive to the absolute value of the cross sect,ions arc proposed. 
Section 4 presents the conclusions. 

2 The production cross section and backgrounds 

With the use of theoretical calculations the most importa,nt consideration is the 
expected uncertainty in the answer due to the fised order perturbative calculation. 
For the top production both signal and background have t,heir uncertainties which 
affect the applicability of the calculation. In general the correlat,ions between the 
final state jets and leptons are already predicted well by lcading order calculations 
provided one uses the usua~l jet definitions. However the llorlllaliz;rt,ion of t,he cross 
sections is uncertain due to the choice we have to make for the renornlaliz;rt,ioll and 
factorization scales. One chooses the value of this scale close to the nat,ural scale in 
the problem in order to minimize the uncalculated higher order contributions. For 
top production this scale is around the top mass, for the background t,hc scale is 
around the IV mass. 

In order to see the sensitivity to the renormalization scale ~1 which is a mcasure for 
the theoretical uncertainty clue to the fixed order calcula,tion we maltc three choices 

1. Mtv. mtop respectively 

2. +hf,~,,, +mtop 

where nr,tr is the transverse momentum of the W and ljT,r is the average of the 
transverse momenta of t,he two tops. The results are given iii fig. 1 for t,he single 
lepton plus jet final state. The solid lines correspond wit,h the first scale choice, 
the dashed lines with the second (upper) and third (lower line). Both signal and 
background are leading order estimates of the cross section. The jet defiuit,ions and 
kinematical cuts used are given in table 1. Note that only by demanding besides the 
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lepton four jets in the final state the signal and background are com1~~ral~lc up t,o a 
top mass of around 150 GeV. 

The normalization uncertainty in the background is relatively rmimportant when 
we use distributions. However in the two lepton signal the ability to predict the 
theoretical cross section as a function of the top mass is crucial. From fig. 2 it is clear 
that using the leading order prediction for 

pp + tt (2.1) 

has a large uncertainty and would make it virtually impossible t,o determine t,he top 
mass using the two lepton signal which relies on the total cross section. However for 
process (2.1) also the next-to-leading order contributions have been calculated [lo]. 
The next-to-leading order cross section has a reduced sensitivity to the renormaliza- 
tion/factorization scale choices. This is demonstrated in fig. 3 where we show the 
scale choice sensitivity wit.11 t,he same choices as in leading order. For comparison 
we also plotted the leading order result with t,he same choices. Oue could now in 
principle use the nest-t,o-leading order calculation with its much smaller t,heoretical 
uncertainty to relate the value of the cross section bo the top mass. However, in view 
of the large corrections to the Born cross sections, which amount, t,o about 30 %, one 
should worry about even higher order contributions. The latter can be approximated 
by calculating the soft gluon corrections, which has been done in the literature [ll]. 
If we apply this technique to approximate the next-t,o-leading order contribution we 
recover the exact next-to-leading order result within about 10% (see fig. a), well 
within the theoretical uncertainty. Now we can apply t,he soft gluon approximation 
to obtain an estimate of the next-t,o-next-to-leading order contribut,ion. t,his gives still 
a large positive correction of 25 %. The results are summarized in fig. 5, from which 
it is clear that the estimate of the theoretical uncertainty by changing the scale is 
not a good method for this particular cross section due to the large corrections. In 
fact, in ref. (111 the soft gluon effects are calculat,ed to all orders in o.7. For the qq 
subprocess the resummed cross section is about the same size as the 0(u:) corrected 
cross section, but for the gry subprocess the higher order corrections are large and not 
well under control. 

There are two other uncertainties affecting the top cross se&on. One results 
from the parton distribut~ion functions, especially the gluou distribution function. 
The fraction of the tf production that arises from gluou fusion ranges from about 
50% for mtop = 100 GeV, through 28% for mtop = 140 GeV to about 14% for 
mtop = 190 GeV. To show t,he effect this has, we calculated the cross sections for 
(2.1) using two different sets of structure functions. see fig. G. The t,wo sets of st.ructure 
functions used are the MRSB structure functions [12] with A,, = 122 MeV and the Bl 
set of structure functions for the MS scheme in 1131 with A., = 126 MeV. The other 
uncertainty is a iion-pcrturbat,ive effect resulting from the Coulomb singularity. Its 
effect on the total cross section is less than 10%. [14] 

All the above effects give the predicted next-to-leading order cross section a rel- 
atively large uncertaint,y. Therefore, the top mass determination t,hrough the two 
lepton final state, which relies on the ability to predict t,he cross sect,ion as a function 
of the top mass: has a larger unccrta,inty than one might expect t,hrough simple rc’nor- 
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fi 1800 GeV 
Structure Function MRSB 
Jet rapidity coverage 2 
Leptonic rapidity coverage 2 
ET”(j&) 15 GeV 
E;“‘“(lepton) 20 GeV 
E;“““(77&i?lg) 20 GeV 
Jet-Jet separation AR 0.7 
Jet-lepton separation none 

Table 1. The paramctcrs and cuts used for the one lepton signal and background. For the 
two lepton signal and background the same parameters and cuts are used. except t,hat no 
cut is imposed on the missing momentum. 

malization scale changes. Since the present CDF limit on mto,) is b,ased on a next- 
to-leading order calculation which gives a cross section of 156 pb for mto,, = 91 GeV, 
use of a next-to-next-to-leading order cross section could possibly increase t,he mtop 
limit to 95 GeV. This is based on the value of the O(oi) corrected cross section 
of 155 pb at into, = 

! 
95 GeV. This clearly demonstrates the strong sensitivity to 

radiative effects o the resulting top mass determination. 

3 Determination of the top mass 

As we have shown in the previous section there will be problems whe:: one re- 
lies on t,he absolute theoretical prediction of the signal to tlet,ermine t,hc t,op mass. 
Therefore we will explore in this section a few possible methods of circumventing 
these uncert,aint.ies. 

The first method uses the fact that signal can have various numbers of jets in the 
final state. Differentiating between these jet final states enables us t,o form ratios 
of cross sections with different number of jets. In the approximation t,hat the top 
is produced on shell the production cross section (2.1) factorizes wit,11 respect t,o the 
subsequent decay of the t,op and cancels in the ratio, thus t,he uncertainties in the 
production process are removed. Because the energy of the 6 quark is strongly related 
to the top mass there will be a strong dependence in the jet fractions and ratios on 
the top mass. The jet definitions and other kinematical cuts used are listed in t,able 
1. 

However this way to cancel the normalization uncertainty in the top cross section 
only works when the background is negligible. This means t,he met,hod can only be 
applied to the t,wo lepton signal and not to the single lelnon plus mult,ijcts signal. By 
measuring t’he 0, 1 or 2 jets arising from energetic b quarks in t,he top pair decay, we 
can define jet fractions fe, ft and fs by 

fi = Oi 

00 + 01 + 02 
(3.1) 
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where oi is the cross section for p@ -9 2 leptons + i jets. .is can be seen from 
fig. 7 these fractions have a marked top mass dependencel while t,here is almost no 
dependence on the scale. A measurement of such fractions gives an indication of the 
top mass without relying on the absolute event rates. 

If one wants to use a jet fraction method in the single lepton plus jets channel 
the background has to be reduced to a negligible contribution. This in fact can be 
accomplished by b tagging for the 3 and 4 jets signal. It reduces the background by 
a factor of 50 for 3 jets and 30 for 4 jets while leaving the top cross section virtually 
unaffected. Thus the ratio of the 3 and 4 jets rates again is a useful tool. 

The single lepton plus multijets final state offers a more direct possibility of de- 
termining the top mass. This is because the top mass is reconstructible from t,he final 
state using distributions. Possible nllcertainties in the event rates are relatively unim- 
portant provided that the signal to background ratio is of order unity. In ref. [15] 
several distributions were examined in t,he lepton plus three jet final st.ate. How- 
ever the lepton plus four jet final state offers a better possibilit,y since the signal to 
background ratio is expected to bc much more favorable (see fig. 1). 

In order to extract the top mass from the signal we will use t,mo simple directly 
measurable quantities, t,hc three jet invariant mass and t,he clust,er mass. Using the 
momentum of one of the four jets, the momentum of the charged lcpton and the 
missing transverse momentmll, the cluster mass is defined as: 

m,(j, 1; u)’ = [ PT(?U +Pdv)]* - [P&l) + PY+)12 O ;. (3.21 

where 
p!+(JZ) = p&l) + ,,n(jl)~, 

PT(d = PT(JI) + Pr(l), 

(3.3) 

(3.4) 

l~l(jl)’ = [E(j) + E(E)]’ - [p(j) + p(l)]‘. (3.5) 

The 3 jet mass is defined using the momenta of three of the four jets: 

mtjt,.b,j3) = [E(h) + W&J + E(.k# - [P(%) + p(j,) + ~(j#. (3.6) 

All the following ca~lcula,tions are performed with scale 1. The results refer to 
the sum of the e+ and e- signals. In fig. 8 the average cluster mass distributions 
(one entry for each of the four possible cluster ma,sses) arc shown due t,o signal and 
background. The histogram due to background alone is indicaM wirh a dashed line. 
Four top mass cases are presented: 105, 135, lG5 and 195 GeV. For the lat,ter two 
cases the top mass is not. visible anymore. for the others a sharp drop indicates the 
top mass position. 

A better signal is obtained by using the the 3 jet mass dist,ribut.ions which are 
shown in fig. 9 for bot,h signal a,nd background. Again the bacl~gro~und conbribution 
is given by the dashed histogram. Above a top mass of 1F5 Ge\; the top signal is too 
small with respect to the background, malting the peal; virtually invisible. 

We can easily improve these invariant mass distributions by using mow of the 
kinematics of the top events. The cluster masses a,nd the t.hree jet. masses can be 



grouped into pairs, each consisting of a cluster maSs calculated from one jet momen- 
tum and a three jet mass calculated from the three otlw momenta. By selecting 
the pair in each event, in which the cluster mass and the three jet mass are closest 
in value, two additional distributions are obtained. Each event gives one entry in a 
cluster mass histogram and one in a three jet mass histogram. The signals improve 
dramatically in these distributions. This can be seen in figs. 10 and 11. 

With this algorithm we also studied other top mass values. Up to 160 GeV 
the top signal remains clearly visible, especially in the constrained three jet mass 
(fig. 11). Of course no experimental detector effects are taken into account. The 
shown distributions would be the result when one uses t,he true jets and leptons, 
not affected by the detector acceptance. Determination of the top mass using these 
invariant masses is straightforward and direct leaving no doubt whether or not there 
is a top or what its mass is. 

4 Conclusions 

In this paper we have shown that the one lepton plus -I jet,s channel is crucial 
for esta~blishing the t,op quark. With this signal it becomes possible to study distri- 
butions where the top reveals itself by a clear peal; at the top mass. Of cwrse the 
experimental resolution will modify the shapes, but a priori the signal shows up above 
the background. The advantage of this method is tha,t the top mass determination 
is straightforward, malting analysis of the theoretical and esperimenta~l uncertainties 
simple. Of course the use of a distribution makes it, necessary to rcquirc a reasonable 
number of events. With an integrated luminosity of 25 pb-’ one can expect of the 
order of 50 events in this channel for a top mass around 135 GcV making this method 
applicable. 
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Fig. 1. a,b and c: The cross sections for pp -+ lepton + 2,3, and 4 jets, respect,ively. The 

curves show the tf signal, the horizontal lines are the QCD background. Fig. Id shows the 

total pp - lepton + jets cross section. 

Fig. 2. The Born approximation to the totalPp -+ tfcross section using the MRSB structure 

functions for several choices of the renormalization scale p. 

Fig. 3. Solid lines: the next-to-leading order pp -+ tfcross section using the MRSI) structure 

functions. Dashed lines: the Born cross section. 

Fig. 4. A comparison of the exact next-to-leading order 1)~ + tf cross se&ion and the soft 

gluon approximation using t,he MRSB structure functions. 

Fig. 5. The total pp -+ It cvxs section using the MRSB st,ructurc functions. The top curve 

includes the O(a$) contribution in the soft gluon approximnt,iou; the ot,hcr curves are the 

exact O(crs) correct.cd cross sections for three choices of the scale IL. 

Fig. 6. The total U(as) corrected pp + tt cross se&on using t,wo diffcrcnt sets of structure 

functions. 

Fig. 7. The fractions of all l>Z, - tf i 2 leptons + jets events with 0. 1 nnd 2 jct,s. 

Fig. 8. Cluster mass distributions for four values of mtop. The solid lines show t,he signal 

plus the background; t,he dotted lines show the background contribllt,iou. 

Fig. 9. Three-jet-mass distributions for four values of mtop. The solid liucs show t,he signal 

plus the background: the dotted lines show the background contribution. 

Fig. 10. The distribution of the cluster maas belonging to the sclect.ed pair for four values 

of mtop. The solid lines show the signal plus the background; the dotted lines show the 

background contribution. 

Fig. 11. The distribution of the three-jet-mass belonging to the select~cd pair for four values 

of mtop. The solid lines show the signal plus the background: t,he dotted lines show the 

background contribut~ion 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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